The passing of over three decades since tropical cyclone Tracy devastated Darwin on Christmas Day 1974 provided a reason to reflect upon the progress of numerical weather prediction over that period. Each decade was characterised by major model changes. In Australia, the 1970s saw the operational implementation of a 7-level baroclinic filtered model at a grid spacing of 254 km, with rudimentary representation of physical processes. The 1980s witnessed the operational introduction of a 12-level primitive equations model with a grid spacing of 150 km and enhanced representation of both the data assimilation approach and the model physics. Finally, in the 1990s the modeling capacity had reached the point where a 40-level model with a grid spacing of 5 km, such as the one employed here, could be run in near real-time, nested over the area of interest. Some research versions also had became available at even higher resolutions. Further improvements in the representation of physical processes and advanced data assimilation procedures, such as 4D-Var, were also available.
Introduction
It is now over 30 years since the devastation of Darwin on Christmas Day 1974 by tropical cyclone Tracy. This would seem to be a suitable interval to reflect upon the progress of deterministic (numerical) tropical cyclone prediction, from the early 1970s to the present. Here, we re-visit the state of numerical weather prediction (NWP) in 1974, first noting its lack of capacity for tropical cyclone forecasting. We then (Manuscript received January 2009 , revised August 2010 make a comparison with the NWP system capability in the mid-1980s and with that currently available. After a slow start in the early years of operational NWP, developments in the key scientific and technical areas relevant to tropical cyclone forecasting have resulted in large improvements in the accuracy of predicting tropical cyclone motion and, to a considerably lesser extent, forecasting tropical cyclone intensity. This is particularly true of the past decade. These developments are: greatly improved (remotely sensed) data coverage; far more sophisticated NWP models; the introduction and refinement of modern data assimilation methods; and enormously increased computer power. For the first time, many operational centres now have high performance computers capable of modelling tropical cyclones at the very high resolutions (less than 10 km) now recognised as being required for an accurate prediction of tropical cyclone track, intensity and structure.
In this study, a series of numerical experiments is described in which an NWP model is reconfigured and run with the specifications of the mid-1970s and the mid-1980s as well as present day form. The initial fields and lateral boundary conditions are the NCEP-NCAR (Kalnay et al. 1996) reanalyses for 1974, extracted for a region approximating closely the original Australian region domain of the 1970s, together with some atmospheric motion vectors recently derived using imagery from the polar orbiting satellites (ESSA-8 and NOAA-4) available in 1974. In all cases the insertion of a bogus vortex is necessary to define a clear circulation in the initial state. The bogus vortex of Holland (1980) was selected as it has been used with success in the past in a number of studies (see, for example, Leslie and Holland 1993 . The anemometer was badly damaged soon after recording a gust of 217 kmh -1 at 0305 CST. The central pressure was estimated to be about 950 hPa. The eye of the storm passed over Darwin at 0400 CST Fig. 1 The track of tropical cyclone Tracy as it approached Darwin in December, 1974.
25 December (1830 UTC 24 December) and the light winds in the eye were followed by destructive winds in the western and southern quadrants. Winds of over 100 kmh -1 persisted until about 0700 CST 25 December (2130 UTC 24 December). After passing over Darwin, Tracy moved slowly ESE and degenerated rapidly into a rain depression. In the aftermath of tropical cyclone Tracy, the death toll was 50 with another 16 persons lost at sea. While other cyclones in the Australian region have caused greater loss of life, mainly at sea, none has caused damage of the magnitude inflicted on Darwin.
Darwin was almost totally destroyed and most of the town's population was evacuated. 
Modelling tropical cyclone Tracy
In this section, we first examine the NWP techniques and associated predictions available at the time of tropical cyclone Tracy. These are contrasted with those of the mid-1980s and also with current techniques. The Australian region analysis and forecast domain at that time is covered in all three experiments, but only a northern (tropical) subsection of the full domain is shown in the results, centred on the area of interest. The regional numerical analysis at the time of tropical cyclone Tracy available from NMOC archives was not used as the basis for a forecast as the northern analysis boundary is at 10°S, which is too close to the storm centre and precludes proper use of the bogus vortex. The numerical forecasts issued at the time of tropical cyclone Tracy and the related analysis and prognosis software suite are no longer available, hence the reconfiguring of a present-day forecast model in this study.
a) The 1970s
In the mid-1970s, the Bureau of Meteorology had, in support of its operational tropical cyclone forecasting, imagery from the US polar orbiting satellites ESSA 8 and NOAA-4, and images from its radar stations including Darwin. Data was available from the conventional network with some NWP model guidance. From 1972 to 1977, the operational numerical forecast system used by the Australian Bureau of Meteorology was a regional finite-difference filtered baroclinic model on a 23 by 38 grid with a 254 km horizontal resolution on a Lambert Conformal Projection. It had seven levels in the vertical. The model is presented in detail by Maine (1972) , and by Noar and Young (1972) . The numerical analysis system, described by Maine (1966) , relied heavily on bogus data generated from the interpretation of satellite imagery. Other models were available for short term prediction, including statistical schemes based on climatology and persistence, and barotropic NWP models, as is the case even today at many weather centres. However, the primary operational model was the multi-level filtered baroclinic model.
The initial analysis used here is the NCEP re-analysis at 0000 UTC 23 December, and a 48-hour forecast is provided by the HIRES NWP model, which was developed by one of the authors ) and configured with the 254 km horizontal resolution and the physical parameterisations used by the 1974 model. The physical parameterisations included large-scale precipitation when the vertical motion was upwards and the relative humidity exceeded 90 per cent, a simple hard convective adjustment scheme for moist convection, and a rudimentary surface boundary layer based on a drag coefficient that was set at 0.004 over the land and 0.001 over the ocean. The initial field and the 48-hour forecast are shown are shown in Figs 3a and 3b. The model domain was nested in a model run over the full Australian region, which provided the lateral boundary conditions. A bogus vortex, developed by Holland (1980) , was necessary to define a cyclonic circulation in the initial field. However, the modeling of such a small tropical cyclone on a grid of 254 km resolution obviously provides a very poor representation of this system. This is true not only of the vortex but also of the environmental near-flow field in which the tropical cyclone vortex is embedded and the far-flow field into which the tropical cyclone moves. Not surprisingly, the numerical forecast of tropical cyclone Tracy's circulation dissipated rapidly during the forecast period as seen in Fig. 3b and Fig.  6 . At 48 hours there was some residual circulation, but it was very weak. b) The 1980s By 1986, the Bureau had introduced the 'FINEST' model as its new operational regional NWP model. It was implemented on a 40 x 65 grid of 150 km resolution, had twelve levels in the vertical, and was based on the primitive equations model of Leslie et al. (1985) . The analysis technique used was the variational blending scheme of Seaman et al. (1977) . The model was nested in the Bureau of Meteorology's operational hemispheric forecast model and its database included the conventional data network, aircraft observations, GMS based cloud drift winds and bogus MSLP and 1000/500 hPa thickness data. Locally received and processed direct readout TOVS data (Kelly and Le Marshall 1983) as well as cloud picture interpretation and NESDIS THCKLS were used to provide 1000/500 hPa thickness bogus data. A 48-hour forecast was made using the HIRES model at 150 km horizontal resolution, and with the physical parameterisations used in the mid-1980s. Briefly, the physical parameterisations had all changed considerably from the earlier model, except for the large scale precipitation. By the mid-1980s, moist convection was parameterised by the Kuo scheme, and the surface boundary layer used Monin-Obukhov similarity theory which allows for stability dependence. Above the surface layer, Blackadar's mixing length theory was used. Finally, a simple three-layer soil model was employed, including a prediction equation for surface temperature. The initial vortex was again provided by the tropical cyclone bogus of Holland (1980) . The insertion of this bogus tropical cyclone into the NCEP reanalysis at 0000 UTC on 23 December is shown in Fig. 4 (a) .
The analysis shown in Fig. 4 (a) is almost identical to that of Fig. 3 (a) . However, and not surprisingly, there is very little improvement in the 48-hour forecast over that of the 1970s system, given the modest increase in horizontal resolution from 254 km to 150 km. The 48-hour forecast valid at 0000 UTC 25 December is shown in Fig. 4 (b) . In this run, the numerical forecast of tropical cyclone Tracy did show some very early signs of moving in the correct direction (see Fig.  6 ), towards the south, but again it weakened quickly and by the end of the forecast period had essentially dissipated.
c) The present To represent the current state of the NWP analysis and prediction system, we have used the system described by Leslie et al. (1998) , run at 5 km horizontal resolution on a 601 x 601 grid, and with 40 vertical levels. There are further improvements for tropical cyclone forecasting as described in . The NCEP reanalysis has again been employed, with a four dimensional variational assimilation (4D-VAR) methodology based on that of Bennett et al. (1996) . The 4D-Var data assimilation was used at all grid points as the number of gridpoints at 5 km grid spacing was not large enough to require the use of a thinned grid, which is available as an option. Use has been made in the assimilation of the NCEP reanalysis fields in the 24 hours before the start of the forecast, and also of a number of winds generated from sequential ESSA-8 and NOAA-4 images. It was fortunate that these satellites viewed the storm at times near half an hour apart. While further work is being done to enhance the analysis of the wind field around tropical cyclone Tracy, sufficient landmarks were located in the imagery from ESSA-8 and NOAA-4 to allow the computation of a limited amount of wind data. A 48-hour forecast at 5 km horizontal resolution was made from 0000 UTC on 23 December, using the database described in the previous paragraph. The forecast was multiply nested, first within the Australian region domain at 20 km, and then on the northern Australian domain at 5 km resolution. The 5 km domain is shown in Fig. 5 (a) and was chosen to be large enough to avoid boundary contamination.
The initial analysis at 0000 UTC on 23 December is shown in Fig. 5 (a) , augmented by the bogus tropical cyclone vortex of Holland (1980) . The initial position error after bogus has been used is similar to that of the NCEP reanalysis. The 48 hour forecast is shown in Fig. 5 (b) , and it is evident that the impact of the model resolution of 5 km, together with the 4D-VAR assimilation of the NCEP reanalyses and the satellite winds, was to produce a more realistic forecast of the path and intensity of tropical cyclone Tracy than the earlier forecasts. Although the predicted track shown in Fig. 6 shows Tracy just short of landfall at 00 UTC on 25 December, the predicted motion does show a movement towards the south and east in the last 24 hours. However, it is seen in Fig. 5 (b) that the predicted position of tropical cyclone Tracy was 150 km south-west of its true position. Nevertheless, if the forecast had been available in 1974, this forecast guidance for the movement of Tracy may well have resulted in the preparation of tropical cyclone warnings for the Darwin area.
Finally, a 24 hour forecast for the period from 0000 UTC 24 December to 0000 UTC 25 December was carried out at 2 km horizontal resolution. This model run was nested in the 5 km forecast and the initial fields were interpolated from the 5 km initial fields. There was almost no change in forecast position compared to the 5 km run, so the prediction is not shown. However, there was an associated drop in the central pressure of about 4 hPa to 981 hPa, which is still well short of the estimated central pressure of 950 hPa. The approximately fifteen-fold increase in computational time makes it impractical for real time application at present, especially with so little apparent gain in predictive skill in predicting the tropical cyclone track. Given the very small size of tropical cyclone Tracy, the present model would need to be run at a grid spacing less than 1 km, which is achievable in research but not yet in operations.
Conclusions and discussion
It is of interest to look at an example of the evolution of the skill of forecasts of tropical cyclone track and intensity forecasting over the past 30 years. Tropical cyclone Tracy was an obvious choice because it was such a significant event.
Three sets of 48-hour predictions were made, and were chosen to be representative at the time tropical cyclone Tracy occurred, of the mid-1980s, and the present, respectively. Only the last set of predictions would have provided valuable model guidance. The numerical weather prediction systems used in the early 1970s did not have the data, the model resolution, or the model physics to accurately predict the track or intensity of tropical cyclones. By the mid-1980s the resolution, model sophistication, observational data base and data thinning and assimilation methods were still well short of that required to predict tropical cyclone tracks with consistent accuracy. However, by the late 1990s, there was a conjunction of the four ingredients required for skilful tropical cyclone track and intensity prediction. The present numerical models have the sophistication to model the physical processes important in maintaining and increasing the intensity of these tropical storms. The assimilation techniques have developed to an extent where they more effectively exploit the data and can also use continuously available data. The satellite database has expanded rapidly and wind and mass related observations are available hourly at high spatial resolution, a considerable improvement on database available in the mid-80s, allowing the modern data assimilation techniques to take advantage of the increased temporal and spatial resolution. Finally, the computers available to operational centres around the world are now becoming capable of running such data assimilation systems and models at resolutions that allow these advances to be incorporated into the modelling systems. In summary, numerical prediction of tropical cyclones has developed enormously over the past 30 years since tropical cyclone Tracy struck Darwin. This is especially true of the past decade, during which we have entered a period of rapid advances in the accuracy of operational tropical cyclone track and, to a lesser extent, intensity prediction. Tropical cyclone Tracy demonstrated good operational forecasting practice and technique in the face of difficult forecasting circumstances, most notably the lack of observational data and of model guidance. However, the NWP model guidance now available as a result of improvements in science and technology can be expected to make a continuing contribution to the accuracy of tropical cyclone forecasts in the immediate future, with consequent significant improvements in public safety and in the mitigation of damage costs.
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